This paper describes the development of store and forward (S&F) systems for Hodoyoshi-3&4 satellites and their in-orbit operation results. In this study, ultra-high frequency receivers are installed on Hodoyoshi-3&4 and are used for S&F. The S&F systems collect data from ground sensors, store the received data into the satellite on-board storage, and then transmit the stored data to the main ground station using an X-band transmitter. S&F are effective and useful systems for collecting data from the ground where ground-based communication systems are not available. This paper reports in-orbit S&F technical experiments performed in the Hodoyoshi-3&4 missions, demonstrating that the use of ground signal processing improved the signal demodulation rate by a factor of 3.6. These experiments show that S&F system can be utilized in small-size satellites that have strong limitations of mass, space, and power consumption. Based on the test results, this study concludes that the proposed systems can be applied to a variety of objectives applications involving nanosatellites and microsatellites.
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Introduction
Developed by the University of Tokyo, Hodoyoshi-3&4 microsatellites were launched from the Yasny Launch base in Russia on June 19, 2014 (UTC) using the Dnepr rocket. Each of these satellites is equipped with S-band transceiver, X-band transmitter, and ultra-high frequency (UHF)-band receiver communication systems. The S-band transceiver sends the satellite's housekeeping (HK) data and receives commands, the X-band transmitter sends mission data, and the UHF-band receiver is utilized in the store and forward (S&F) process. In S&F, the satellites collect data from ground sensors, store it into the on-board storage, and then transmit the stored data to the main ground station using the X-band transmitter. Figure 1 shows an overview of this system, which is an example of the delay/disruption-tolerant networking (DTN) class of systems used for deep space missions; these systems are effective for data communication without ground station facilities. In S&F systems, the UHF signals received by the satellites are converted to digital data and stored in the on-board storage units. Then, the main ground station receives the data from the satellite and the data are demodulated on the ground. This paper presents the results of the S&F experiments conducted for the Hodoyoshi-3&4 satellites. 
Hodoyoshi-3&4 Microsatellites
The flight models of Hodoyoshi-3&4 are shown in Fig. 2 . Hodoyoshi-3&4 satellites use identical bus systems.
1) While these satellites are in the same orbits, some of their missions are different.
2) Table 1 shows the flight model characteristics of Hodoyoshi-3&4, 3) and specifications of the S-band and X-band ground station antennas are shown in Table 2 . 4) Hodoyoshi-3&4 microsatellites are equipped with identical 400-MHz band receivers and antennas for S&F communication. These S&F systems can communicate for 30 min per day. Thus, by using two satellites (Hodoyoshi-3&4), it is possible to extend the S&F communication time. 
On-board S&F Components
UHF receiver (U-DPD)
The external view and specifications of the S&F test systems for the receiver (U-DPD: UHF Data Packet Decoder) are shown in Fig. 3 and Table 3 , respectively.
U-DPD receives identification codes, performs down-conversion of the received radio frequency (RF) signals, and starts a high-speed analog-to-digital (A/D) conversion. In this process, the sampling frequency and recording time are set by an identification code comprising 13-bit signals. The data obtained from the ground UHF-transmitters and the noise data after the A/D conversion are recorded in the on-board flash memories embedded in the U-DPD system. The system process and diagram of the U-DPD are shown in Figs. 4 and 5, respectively. The U-DPD used in Hodoyoshi-3&4 is not equipped with a demodulation system. Therefore, demodulation, rather than being performed by U-DPD in orbit, is performed by the high-power computers in ground stations in order to achieve a better noise reduction performance.
The sampling frequency and recording time can be changed using the identification code. In the absence of an identification code, the data from the ground UHF transmitter is recorded in the U-DPD internal memories at 40 kHz for 10 s. Furthermore, using the U-DPD reservation function, the received data can be recorded at any location without the identification code. The recorded data includes the sampling frequency, sampling time, reception time, RF reception level, and the frequency offset of the received signal. Thus, the received signal location can be identified. 
On-board UHF antenna
The inverted L-type 4-elements array antennas are used in the S&F system developed in this study, as shown in Fig. 6 . The four UHF antennas are mounted on the earth-oriented panels of Hodoyoshi-3 & 4 and they receive the right-handed polarization signals from ground stations and adjust the phase at the rat-race circuits. The adjusted signals are input to the U-DPD antenna terminal. The four UHF antennas mounted on the Hodoyoshi-3 satellite are shown in Fig. 7 . The maximum antenna gain using the four antennas is 4 dBi. The antenna pattern of the UHF system with the four antennas is shown in Fig. 8 . 
S&F Ground Transmission System
UHF transmitter
A portable ground UHF transmitter used for the Hodoyoshi 3&4 satellites is shown in Fig. 9 and its specifications are shown in Table 4 . The Hodoyoshi-3&4 S&F system can receive a variety of modulation and bit rate signals because the S&F system does not demodulate its data in orbit. The ground UHF transmitters can transmit the binary phase-shift keying (BPSK)-modulated data and the identification code. Transmission bit rate can be varied from 1 bps to 500 bps. 
S&F ground UHF patch antenna
Generally, high-gain antennas such as parabola and Yagi antennas are utilized in ground stations because of the long distances between the ground and satellite antennas. Typically, ground antennas must be adjusted to point in the direction of the satellite in order to enable communication between the satellite and the ground station. However, to realize a simple system for the S&F missions in this research, a UHF patch omnidirectional antenna is used. The overview of the UHF patch omnidirectional antenna and its antenna pattern are shown in Figs. 10(a) and 10(b), respectively, and the patch antenna specifications are presented in Table 5 . As shown in Fig. 10(b) , for communication with a target satellite, the target should be within 60° from the zenith, for which the antenna gain is greater than 0 dBi. We note that the maximum antenna gain is 4 dBi in the zenith direction. 
In-orbit Experiment
In order to test the reduction of the noise effects in an urban area, communication tests between Hodoyoshi-3 and a ground UHF transmitter were conducted in Choshi city. The diagram of the experimental system is shown in Fig. 11 . In these experiments, the transmitter emits a radio wave in Choshi and the data is then confirmed in-orbit by the Hodoyoshi-3 U-DPD. 
Communication test with Hodoyoshi-3
The identification code and BPSK data are transmitted to the satellite from the ground transmitter. Transmission power and time are 1 W and 10 s, respectively. In these experiments, the data is transmitted to Hodoyoshi-3 every 25 s using an Arduino microcontroller. Each packet transmitted in 10 s includes an identification code section and 12 data sections with the BPSK 320 bps modulation scheme. The transmitted data are divided into 12 sections in order to reduce data loss. The data transmitted to the satellite from the ground station are shown in Fig. 12 . An Arduino microcomputer reads the data from the secure digital (SD) card of the ground system and sends the data to the transmitter. The data is scrambled and transmitted during the Arduino microcontroller reading of Table 6 . Because of the constraints arising from the communication range of the antenna, in this experiment, the satellite receives 3720 bytes of data for 250 s. The ground station also receives and demodulates the in phase and quadrature phase (IQ) data. The software demodulator system is shown in Fig. 13 . In this experiment, a filter with two moving averages is used to remove the high-frequency noise. 
Test results of the communication with Hodoyoshi-3 and discussion
In this experiment, the results of the nonfiltered data are 837 bytes with a reception rate of 22%. However, using the filter, U-DPD can receive 2945 bytes of data with a reception rate of 79%. Thus, the results show that U-DPD achieved 3.5 times better reception rate with the filter. The waveforms of the data received by U-DPD both with and without the filter are shown in Fig. 14 , and the experimental results are presented in Table  7 . Examination of Fig. 14 shows that the waveform with the filter includes less high-frequency noise, indicating that the filter successfully removes the noise. Figure 15 shows a comparison of the reception rates for the theoretical, nonfiltered, and filtered data, clearly demonstrating the usefulness of the ground filter process. In this experiment, it is sometimes difficult to receive all data from the ground. This may be due to the attitude instability of the satellite, as indicated by the received signal strength indicator (RSSI) of the S-band. Figure 16 shows the comparison of nonfiltered received data, filtered received data, and S-band RSSI. When the U-DPD could not receive data, it was found that the RSSI of the S-band is also low. This shows that the satellite attitude instability gives rise to this phenomenon. During the initiation of this phenomenon in this experiment, the satellite attitude is tilted away from the earth direction. Almost all data can be received when the satellite attitude is successfully controlled and the RSSI value of the S-band and the reception rate of U-DPD are sufficiently large. 
Conclusion
In this study, S&F systems for small-size satellites were proposed and developed. The developed S&F systems were installed on the Hodoyoshi-3 satellite and were evaluated by in-orbit experiments. In these experiments, the weak radio signals from the ground UHF transmitters were successfully received by the satellite. After receiving data from the ground UHF transmitters, the satellite converted the received data to digital data and stored it in on-board memories. The digital data was then transmitted by the on-board X-band transmitter and processed on the ground. This approach increases the signal demodulation rate. In the experiments, the use of ground signal processing improved the signal demodulation rate by a factor of 3.6. These experiments show that S&F system can be utilized in small-size satellites that have strong limitations of mass, space, and power consumption. Based on the test results, this study concludes that the proposed systems can be applied to a variety of applications involving nanosatellites and microsatellites. 
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